ABSTRACT: Dihydroxylammonium 5,5′-bis(tetrazole)-1,1′-diolate (TKX-50) is a newly synthesized energetic material with high energy storage, low impact sensitivity, and low toxicity. These features make it a viable candidate to replace such commonly used energetic materials as RDX and CL-20 in the next generation of explosives. Sensitivity determines the engineering application of energetic materials (EMs) and has been widely studied for various EMs. To understand the origin of the anisotropic sensitivity and properties of this new synthesized EM, we report a flexible classical force field for TKX-50 developed to reproduce the molecular properties (geometry, vibrational frequencies and torsion barriers) and the crystal properties (cell parameters and lattice energy). We then used this force field in molecular dynamics (MD) simulations to predict such thermodynamic and mechanical properties as isothermal compressibility, thermal expansion, elastic moduli, and heat capacity. 
INTRODUCTION
Dihydroxylammonium 5,5′-bis(tetrazole)-1,1′-diolate (TKX-50) is a newly synthesized explosive 1−3 that is easily prepared and exceedingly powerful, while being insensitive both for thermal and shock impact, with low toxicity. These features make it a promising candidate to replace such widely used explosives as hexhydro-1,3,5-trinitro-1,3,5-triazine (RDX), 4 octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), 5 and 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaza-isowurtzitane (CL-20). 6 TKX-50 outperforms these widely used explosives as follows.
• TKX-50 has a calculated detonation velocity of 9698 m/s that is 700 m/s higher than RDX and 250 m/s higher than CL-20.
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• TKX-50 possesses substantially lower impact sensitivity (20 J) compared with RDX (7.5 J) and CL-20 (4 J), 1 making it much safer for resisting unintentional detonation due to shocks. The friction sensitivity for TKX-50 is 120 N, which is comparable or lower than other popular EMs: RDX (120 N), β-HMX (112 N), and CL-20 (48 N). 1 TKX-50 starts to decompose at 221°C, which is higher than RDX (210°C) and CL-20 (215°C ).
• The synthetic routes for TKX-50 are simple and scalable, which is essential for commercial manufacture. In contrast, high performance explosives such as dinitroazofuroxan (DDF) and octanitrocubane (ONC) with detonation velocities of ∼10 000 m/s require extremely a complex synthetic processes (ten or more steps) making them impractical for industrial production.
• Toxicity is a growing concern of energetic materials based on new understanding of the fate of explosives in the environment. The ubiquitous nitramine content of the RDX and CL-20 has been shown to be toxic to vital organisms, such as earthworms, at the base of the food chain. In addition, RDX is a probable human carcinogen. TKX-50 is much less toxic to the airways, making it less of a health risk than RDX if inhaled. 1 Sensitivity is a very important parameter for energetic materials (EMs). Since the improved performance TKX-50 over current widely used explosives makes it a promising future explosive, it is important to examine its sensitivity and mechanical response under shock compression. However, no shock experiment data is available for TKX-50. Recently we used quantum mechanics (QM) MD simulations to examine the reaction mechanisms underlying the initial steps in the thermal decomposition of TKX-50, showing that proton transfer from hydroxylammonium (NH 3 OH) + cation to the diolate (C 2 O 2 N 8 )
2− dianion decreases the initial reaction barrier of ring breaking for N 2 release. 7 It is generally accepted that detonation of explosives is initiated at hot-spots 8, 9 with defects such as voids and interfaces playing essential roles. 10−12 For a single crystal, the hotspot can initiate through formation of dislocation pile-up that is released by plasticity deformation, heating at the crack tip, and chemical decomposition. 13 Thus, it is essential to examine the plastic deformation of TKX-50 in shock compression along various shock directions to understand the origin of anisotropic detonation sensitivity.
To understand the material properties and provide insight into the atomistic mechanisms, many classical force fields (FFs) have been developed for energetic materials, such as TATB, 14, 15 RDX, 16, 17 HMX, 18 AN, 19 and TNT. 20 These FFs have been widely used in molecular dynamics simulations to examine the structural, thermal, and mechanical properties, providing much useful information in additional to the experiments. 21−25 Especially, MD simulations of shock compression provide atomistic deformation mechanism of explosives under high strain rate compression. 21, 22 In this paper, we report large scale MD using FFs determined from quantum mechanics (QM) to examine the atomistic mechanism underlying the favorable mechanical properties of TKX-50. Reactive FFs have previously been employed to examine chemical reactivity, anisotropic sensitivity, and hotspot formation in single crystals and polymer bonded explosives. 10,12,26−30 But here we developed a nonreactive FF to examine plastic deformation of energetic materials, without chemical reactions. This new flexible classical FF for TKX-50 reproduces the molecular structures (bond length, angle and torsion angle), vibrational frequencies and torsion barriers for finite molecules as well as the crystal structure and cohesive energy.
Using this newFF, we predicted thermodynamic properties including heat capacity, isothermal compressibility, and mechanical properties including bulk modulus and shear modulus. Large scale MD simulations were performed to examine the mechanical response and the anisotropic plasticity and sensitivity under shock compression along three crystallographic orientations: [100], [010] , and [001].
2. DEVELOPMENT OF A FLEXIBLE CLASSICAL FORCE FIELD 2.1. First-Principles Calculations. To obtain the training set database for the force field development, we carried out the DFT calculations on the TKX-50 molecule and crystal. Structure optimization and frequency calculation of finite molecules were carried out at the level of B3LYP/6-311G** using the Jaguar 7.7 software. 31−33 The periodic crystal calculations were performed using Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional with the projector augmented wave method to account for core−valence interactions as implemented in VASP and modified to include the London dispersion interactions (van der Waals attraction, PBE-ulg method). 34−38 The kinetic energy cutoff for plane wave expansions was set to 500 eV, and the reciprocal space was sampled by Γ-centered Monkhorst−Pack scheme with a fine resolution of 2π × 1/60 Å −1 . The calculated cell parameters from PBE-ulg are a = 5.116 Å, b = 12.260 Å, c = 6.775 Å, and β = 95.9°, consistent with experimental values at 300 K of a = 5.441 Å, b = 11.751 Å, c = 6.561 Å, and β = 95.1°. 1 To extract the charges in the crystal phase, we used the self-consistent charge density functional tight binding (SCC-DFTB) method 39 with the DFTB3−3OB parameter set. 40 
Force Field Function Form and Parametrization.
We used the AMBER form 26 
where the six terms include the energies of bond stretching, angle bending, torsional motion, improper torsion, Coulomb interactions, and van der Waals interactions. Detailed explanations of the parameters in eq 1 are found elsewhere. 41 The interactions between different atomic types are computed using standard Lorentz−Berthelot combination rules:
The electrostatic interactions and van der Waals interactions for next−next nearest neighbors (1−4 interactions) are scaled by 0.5.
We used the Direct Force Field (DFF) 42 package to determine the FF parameters. The valence parameters were determined by fitting to QM data including energy, force, frequency, and torsion barriers. The vdW parameters were fitted to experimental cell parameters, densities, and lattice energy. In the fitting procedure, we first determined the atomic charges, then the valence parameters, and finally the vdW parameters. Using the new vdW parameters, we performed new iterations (with fixed charges) to ensure that the valence parameters remain accurate. The Levenberg−Marquardt minimization method was used to determine the valence terms. The Hessian matrix was used to derive the force constants for the valence terms. We did not include the eigenvectors in the training process. 43, 44 The FF parameters are given in Table 1 and Tables S1−S5 of the Supporting Information.
The crystal structure of TKX-50 (P 21 /c space group) is shown in Figure 1 . The unit cell consists of two bistetrazole anions (formal charge −2) and four hydroxylammonium (NH 3 OH) + cations (formal charge of +1). The molecular structures of olate and hydroxylammonium are shown in Figure  2 .
Various approaches have been proposed to determine the atomic charges: 45 Mulliken populations and Loẅdin populations, 46 ,45 atoms in molecules theory, 47 empirical approaches to reproduce crystallographic 48 or liquid data, 49 Bader charges for crystals, the electrostatic potential (ESP) derived charges based on semiempirical 50 or ab initio methods, 51−56 and AM1-BCC charges. 57, 58 In this paper, we employed the self-consistent charge (SCC) scheme to extract the atomic charge with a (4 × 2 × 3) supercell, in which the Mulliken charges are redistributed self-consistently. The QM charges were further scaled by a factor of 0.8 to reproduce the lattice energy. Table 1 lists the atomic charges used in the force field (from SCC and scaled by 0.8).
Each tetrazole ring has six π-electrons (four from the CN and NN double bonds and two from the pπ orbital of the N bonded to OH) providing aromatic stability. The O − anions contribute additional resonance structures from the pπ lone pair. As a result, all bonds in olate anions show partial double bond character (shown in Table 2 ). To fit the valence parameters of the FF, we could use the finite olate anion. However, the bond lengths in olate deviate substantially from the corresponding bonds in the crystal as shown in Table 2 . Thus, the N−O bond of olate (N1−O1) is too short (1.283 Å compared with 1.328 Å in crystal) indicating that N−O is too conjugated. This makes all other bonds longer than those in the crystal. Also, the trend of N3−N4 and N1−N2 is opposite: in the crystal, N1−N2 is longer, but for the finite molecule, N3−N4 is longer. This discrepancy arises because the charges in the crystal are partially delocalized back onto the cations. On the other hand, adding one H to each O − to form the diol, leads to a QM geometry in a See eq 1 for definitions and Figure 2 for atom labels. Lorentz− Berthelot combination rules in eq 2 and 3 are used for different atom types. All 1−2 and 1−3 intramolecular electrostatic interactions and van der Waals interactions are excluded. A scale factor of 0.5 is applied to 1−4 intramolecular electrostatic interactions and van der Waals interactions. The QM charges were derived using the DFTB-SCC method. They are further scaled by 0.8 to be used in the FF. The total charges for olate and hydroxylammonium are −1.312, and +0.656 in the FF, which can be compared with the QM values of −1.640 and+ 0.820. Figure 1 . Crystal structure of TKX-50 at room temperature taken from experiment. 1 The space group is P 21 /c. Atoms colored as N in blue, O in red, H in cyan, and C in black. The bistetrazole ring along b direction is shifted by 1/2 unit cell to its neighbor bis(tetrazole). The red circle and the arrows refer to the two molecules in the same layer. Parts A and B are the view from the "c" direction, and part C is the view from the "a" direction. a The molecular structures of olate and diol are obtained from QM (B3LYP/6-311G**). For the crystal, both the experimental value (at 100 K) and the force field value are shown here. The intramolecular parameters are trained to the Diol QM structures, and then further refined to reproduce the experiment bond lengths. The labels of atoms are the same as Figure 2 and Table 1. good agreement with crystal, as shown in Figure 2 (B) and compared in Table 2 . Thus, we used the diol structure to fit the valence parameters, including bond length, angles, torsion angles, and frequencies. The valence parameters were fitted to the energy, gradient, and Hessian from the QM and are listed in Table S1 of the Supporting Information. The bond lengths, angles, torsion angles, and frequencies from the FF are compared with QM in Figure 3 , showing good agreement. The average deviation for bond lengths, angles and torsion angles are 0.007 Å, −0.28°, and 0.0008°, respectively. The maximum deviation for lengths, angles and torsion angles are 0.06 Å, 5.48°and 0.065°, respectively. The mass weighted Hessian was diagonalized to obtain frequencies.
Although the above fitting is good, the geometry still deviates from that in crystal, which would lead to errors in the crystal structure and density. To reproduce the crystal structure and density, we further adjusted the bond lengths based on molecules in crystal structure, but leaving the force constants unchanged. This adjustment on the bond distances is within 2%, which has no effect on the frequencies. In this way, the FF is improved to reproduce geometries without sacrificing accuracy in frequencies. The optimized bond lengths using the improved force field are shown in Table 2 , showing good agreement with experiment. Figure 4 shows the results of fitting the FF for hydroxylamine, again consistent with QM. The mean deviations for bond lengths, angles and torsion angles are −0.0016 Å, −0.067°, and 0.052°, respectively. The maximum deviation for lengths, angles and torsion angles are 0.0085 Å, 1.54°, and −0.79°, respectively.
To Figure 6 . Two potential energy barriers were observed at 0°and 120°. At 60°, the potential energy is about 2.5 kcal/mol lower (∼5.5 kcal/mol). The comparison between FF and QM shows that the FF reproduces these two torsion barriers with errors within 1 kcal/mol.
The vdW parameters were fitted to reproduce the experimental cell parameters (Table 3) at 298 K and the cohesive energy. Since there are more vdW parameters (nine atom types with 9 vdW radius plus 9 vdW well depths) than crystal parameters, we started with Amber parameters and scaled all the parameters simultaneously (keep the relative ratios fixed) to obtain the correct total pressure of 1.0 bar. Then we adjusted the H and O parameters to obtain the correct cell parameters (a, b, c, α, β, and γ) . The final force field reproduces the cell parameters and density at 298 K. The comparison between FF and experiments is shown in Table 3 , where the FF reproduces the cell length in the c direction but underestimates it by 3.5% in the a direction, and overestimates it by 3.1% in the b direction. These errors cancel, leading to the density of 1.875 g/cm 3 that matches the experimental value of 1.877 g/cm 3 . 1
PREDICTED THERMODYNAMIC AND MECHANICAL PROPERTIES
We extracted the thermodynamic properties and mechanical properties with the new FF using MD simulations. The MD simulations were carried out using LAMMPS package, 59 using the particle particle particle mesh (PPPM) method 60 for the electrostatic interaction to an accuracy of 10 −4 . The Coulomb and vdW cut-offs were both set to 9.5 Å. Cubic splines were used to cutoff the vdW interaction, with R inner = 8.5 Å and R outer = 9.5 Å.
The MD time step is 0.5 fs. We applied various ensembles in the MD simulations including NVT (constant volume, constant temperature, and constant number of particles), NPT (constant volume, constant pressure, and constant number of particles) and NVE (microcanonical). The thermostat and barostat used the Nose-Hoover style 61 with damping constants for temperature of 100 fs and for pressure of 1000 fs.
We started with a (4 × 2 × 3) supercell replicated from the experimental unit cell. The initial structure was first minimized using the conjugate gradient (CG) method, and then followed by a NVT simulation at 100 K for 20 ps. We then carried out cook-off simulations to heat the system uniformly from 100 to 400 K within 20 ps. Then we equilibrated the system at particular temperatures using NPT simulations for 500 ps to predict the densities and the cell parameters, using the averages over the last 200 ps. To extract the fluctuation properties, such as isothermal compressibility and thermal expansion coefficient, we performed 5 ns MD simulations. To derive the heat capacity, we used the two-phase thermodynamic (2PT) method 62,63 from a 100 ps NVT simulation trajectory (saved every 2 fs) to calculate the vibrational density of states while eliminating diffusional effects.
3.1. Isothermal Compressibility. Under isothermal conditions, the relative volume change in response to pressure is the compressibility (κ T ), which is defined as
This quality can be obtained using MD simulations by the volume fluctuation formula: 
The predicted compressibility for TKX-50 at room temperature is 3.863 × 10 −11 m 3 /J. The compressibility could also be obtained from the bulk modulus. On the basis of the QM derived bulk modulus in the following section, the compressibility for TKX-50 at 0 K is 3.167 × 10 −11 m 3 /J. Our prediction of κ T from fluctuation MD method agrees well with the value derived from the QM method.
3.2. Coefficient of Thermal Expansion. The coefficient of thermal expansion α p is defined as
which can be extracted from MD simulations by the enthalpy− volume fluctuation formula: Figure 7 shows the temperature dependent density and cell parameters of a, b, and c. These curves reflect the balance of Coulomb and van der Waals interactions, which can be used to validate the charges. To compare with two available experimental points (100 and 298 K), we performed four simulations at temperatures ranging from 100 to 400 K with a step of 100 K. Figure 7D shows the comparison of temperature dependent densities between force field and experiments. The calculated thermal expansion coefficient of 64.8 × 10
agrees well with experiments (deviation within 1%). In contrast, the thermal expansion coefficient for RDX 65 is 20.7 × 10
which is 3.2 times larger than TKX-50. This is because the ionic character of TKX-50 leads to much less expansion than the molecular crystal RDX. Figure 7A −C compares the temperature dependent cell parameters for FF and experiments. As the temperature increases, the cell length in the "a" direction nearly keeps constant. Only a small increase was observed in the "c" direction. Thus, the new FF captures this anisotropic expansion behavior of TKX-50. 3.3. Heat Capacities. We calculated the heat capacities with constant volume (C v ) from the vibrational density of states (DoS) from the 2PT analysis of the MD trajectory:
where DoS gas and DoS solid represent the density of states in the gas phase and solid phase, and W gas and W solid are weighting factors for gas phase and solid phase. The 2PT analysis for C v avoids the problem predicting heat capacities from classical simulations, because the quantum effects for each mode are included. Experimentally, the heat capacity with constant pressure (C p ) is easier to measure than C v . Thus, we correct the calculated value with the corrections in (9):
using α p (coefficient of thermal expansion) and κ T (isothermal compressibility).
The ratio of C p /C v is required in numerical models to construct the shock models, but no experimental data available had been available for TKX-50. Our predicted results are C p = 295 J mol −1 K −1 and C v = 292 J mol −1 K −1 at room temperature as shown in Table 3 . In contrast, the experimental values of C p at 320 K are 320 J mol −1 K −1 for HMX 66 and ∼242 J mol
for RDX. for the new force field and QM. The QM data were calculated from PBE-ulg calculations. The optimized cell volume was increased isotropically to 120% and decreased to 80%. The pressures derived from the force field agree with QM data well in the expansion region. In the compression region, force field overestimates the pressure, which comes from the LJ 12-6 functional form used for the vdW interactions, which is too repulsive at short-range.
The bulk modulus of 32.719 GPa derived from the FF agrees well with the QM value of 31.578 GPa. The shear modulus derived from the FF of 12.385 GPa is 35% higher than the QM value of 9.067 GPa. These results are also listed in Table 3 .
SHOCK COMPRESSION SIMULATIONS
4.1. Constant-Stress Hugoniostat Simulations. For one-dimensional steady flow, the conservation of mass, momentum, and the energy across a planar shock front connecting the initial (unshocked) and final (shocked) states leads to the Rankine−Hugoniot jump conditions:
Here, the subscript 0 refers to those quantities in the unshocked initial state. P xx is the normal component of the stress tensor in the shock direction (chosen to be the x direction), ρ = 1/V is the mass per unit volume, u s is the shock velocity, and u p is the particle velocity. Equation 10, 11 and 12, lead to the following relations:
In the constant-stress Hugoniostat method (NP xx Hug), 69 two extra degrees of freedom are employed to control the system. One is the dimensionless heat-flow variable, ξ, that relaxes the instantaneous internal energy E of the system to the Hugoniostat energy given in eq 12. The other is the dimensionless strain-rate stress tensor that equilibrates the component of the stress tensor in the shock propagation direction to the desired value (P xx ). The implementation of NP xx Hug can be found elsewhere. 69 From NP xx Hug simulations, we can derive the Hugoniostat state, Hugoniot To test the size effects, we simulated a 100 × 16 × 28 supercell with a doubled cross section under [100] shock compression. We found no size effects as shown in Figure S1 of the Supporting Information.
4.2. Shock Simulation Results. We performed the Hugoniostat shock compression simulations along the low index directions [100], [010], and [001] for a range of particle velocities up to ∼2.5 km/s (∼40 GPa). We did not go to higher u p where chemical reactions might play important roles. Figure  9 shows the shock velocity (u s ) vs normal pressure (P xx ) of the principal Hugoniot of single crystal TKX-50 for shock propagation along each of the three directions. As expected, for defect-free single crystals, all shock directions exhibit high Hugoniot elastic limits (HELs), with elastic-plastic transition strains in the 13.6−23.3% range corresponding to shock pressures in the 6.1−14. Figure 10 shows shock velocity (u s ) vs particle velocity (u p ) of the principal Hugoniot. All three orientations exhibit twowave structures characterized by an elastic precursor, followed by a plastic wave whose velocity increases with u p until it reaches the elastic wave speed at the overdriven (OD) point in the u s −u p Hugoniot relation. For shock pressures above P HELxx , experiments find an elasticplastic transition characterized by volume collapse in all three directions with a large increase in temperature due to plasticity and shear band formation produced within the plastic zone. We find that the elastic-plastic transition is anisotropic in strain and shear stress, with the [100] orientation exhibiting the lowest shear stress at the HEL (τ HEL ), followed by the The plastic deformation mechanism for stress relaxation is markedly different for the three directions as shown in Figure  11 . To examine the atomic local shear, we use maximum relative displacement (MRD), 10, 71 which is defined as s i = x ij − X ij :|x ij − X ij | max . Here the x ij and X ij vectors correspond to the difference between the current and reference configurations for atoms i and j (slipped neighbors of atom i), respectively. The Figure 10 . NP xx Hug shock velocities u s as a function of particle velocity u p . Data points for different directions are distinguished by various symbols as shown in the figure. The plastic waves and elastic waves are further distinguished by filled and unfilled points. The green line shows a linear u s −u p fit using the plastic data points, leading to u s = 1.70 + 3.90u p .
reference configurations are taken to be the preshock structures.
• Figure 11A shows We did not observe shear band formation for [001] shock compression. This is because the maximum shear stress is not parallel to the (C 2 O 2 N 8 )
2− ring plane, as shown in Figure 1 (C). It is well-known that the LJ 12−6 vdW repulsion interactions are too repulsive at short distances. Thus, our FF might overestimate the pressures under shock compression, leading to predicted HELs higher than experiment. However, this would not change our conclusions about anisotropic sensitivity and plastic deformations under shock conditions.
SUMMARY
TKX-50 is a newly synthesized explosive that shows promising potential to replace current widely used explosives. To characterize its properties, we developed a flexible classical force field for TKX-50 that reproduces the cell parameters, densities, lattice energy and mechanical properties derived from QM and experiments.
Molecular dynamics simulations were carried out to predict the thermodynamic and mechanical properties, which includes coefficient of thermal expansion (α p ), isothermal compressibility (κ T ), heat capacities (C v and C p ), and elastic moduli. These data are useful input for multiscale simulations and could be tested experimentally in the future.
Large scale shock simulations were carried out to investigate the elastic limit and plasticity under various shock directions of 
